Background: Corneal hysteresis (CH) is used to determine the level of risk of patients developing glaucoma, categorized as suspect, mild, moderate and severe. Methods: This is a retrospective review of 126 consecutive eyes presenting, for the first time, at a glaucoma subspecialty clinic. All eyes at initial examination underwent measurement of CH and intraocular pressure using the Goldmann applanation tonometry (IOPgat). Eyes were classified as CH,10 (n=51) or CH$10 (n=75) and categorized into glaucoma suspect, mild, moderate, or severe glaucoma based on 24−2 Humphrey visual field testing. Additional data included number of topical glaucoma medications. Results: Of the eyes classified as a CH,10, 45.5% had moderate or severe glaucoma, and 11.8% of eyes with a CH$10 had moderate or severe glaucoma. In the CH$10 group, the mean IOPgat was 19.5 mmHg ± 4.72 mmHg (P,0.01) on 1 ± 1.26 (P,0.01) medications in the moderate/severe glaucoma group and 20.13 mmHg ± 4.95 mmHg (P,0.01) on 0.60 ± 0.95 (P,0.01) medications in the glaucoma suspect/mild glaucoma group. In the CH,10 group, mean IOPgat was 20.47 mmHg ± 7.56 mmHg (P,0.01) on 1.79 ± 1.17 (P,0.01) medications in the moderate/severe glaucoma group. Mean IOPgat was 17.54 mmHg ± 5.48 mmHg (P,0.01) on 0.63 ± 0.83 (P,0.01) medications in the glaucoma suspect/mild glaucoma group. Conclusion: Moderate to severe glaucoma is 2.9 (P,0.01) times more likely to occur in eyes that measure a CH,10 compared to eyes that measure a CH$10. Although not statistically significant, suspect or mild glaucoma is more common in eyes that measure a CH$10. Eyes in the CH,10 moderate/severe glaucoma group had statistically significant higher IOPgat (P,0.01) compared to the CH,10 suspect/mild glaucoma group. Measuring CH at initial presentation can help predict the severity of glaucoma.
Introduction
The most significant risk factor for glaucoma is intraocular pressure (IOP). Treating IOP decreases the incidence of glaucoma 1 and its progression. [2] [3] [4] There are many other risk factors that need to be considered in the management of glaucoma. The biomechanical characteristics of the cornea, especially central corneal thickness (CCT), play a role in the accuracy of IOP measurement and glaucoma risk. The Ocular Hypertension Treatment Study ignited much discussion regarding the role that CCT has on the risk for glaucoma development or progression. 5 Along with that discussion there has been speculation that the biomechanical characteristics of the cornea may reflect the vulnerability of the optic nerve head to glaucoma. 6 The cornea, sclera, peripapillary ring, and lamina cribrosa, in an individual eye, are essentially made from extracellular matrix coded by the same genes resulting in collagen formation. 7 There is speculation that an eye with a more deformable cornea might also have an optic disc that is more likely to suffer glaucomatous damage from raised IOP. 6 With increasing age, both the cornea 8, 9 and the lamina 10-12 become more rigid, stiffer, and less resilient. Age-related changes of the connective tissue could be similar in the cornea 8 and lamina and because corneal hysteresis (CH) declines with age. The Reichert ocular response analyzer (ORA) (Ametek Reichert Technologies, Depew, NY, USA) measures CH and has been associated with progressive visual field worsening in glaucoma patients. 13 A low CH is seen in patients who have glaucoma. 13 Patients with a low CH are more likely to respond to topical medications, 14 so knowing a patient's CH can aid in making treatment decisions.
Glaucoma accounts for 9%-12% of all cases of blindness in the United States, with more than 120,000 people blind from this disease. 15 It is estimated that over 3 million Americans have glaucoma. 16 The challenge faced by all eye care providers when managing this disease is identifying how severe each individual case is, and the likelihood, as well as the rapidity of progression. Measurement of CH with the ORA can aid in determining the risk level of patients presenting with glaucoma, and thus help determine the appropriate treatment interventions.
In this study, we used CH measured by the ORA to determine risk level of new patients presenting as glaucoma suspect, mild glaucoma, moderate glaucoma, or severe glaucoma.
Methods Patients
Data from the charts of 63 subjects, 126 eyes, presenting to a glaucoma subspecialty clinic for the first time between 2013 and 2014 were used in a retrospective review. All measurements included were measured at their first visit. Subjects only underwent measurement of CH of both eyes at their initial examination. Both eyes of each patient were included in the study. All types of glaucoma were included. Patients were classified as glaucoma suspect, mild, moderate, or severe glaucoma based on a 24-2 Humphrey Visual Field, and the staging system from the American Glaucoma Society. 17 Eyes were classified as having a CH,10 or a CH$10. In the suspect/mild glaucoma group with CH,10, the mean age was 62.3, with 21 females and 20 males. In the suspect/mild group with CH$10, the mean age was 61.95, 32 females and 13 males. In the moderate/severe group with CH,10, the mean age was 73.7, 27 females and 7 males.
In the moderate/severe group with CH$10, the mean age was 69.5, with 6 females and 0 males. The subjects were all of Caucasian descent. The region this study was performed in is very homogenous, and this study may not be representative of more diverse regions.
Visual fields
Glaucoma patients were categorized as glaucoma suspect, mild, moderate, or severe glaucoma based on the staging system from the American Glaucoma Society. In this system, a glaucoma suspect is a patient with at least 1 risk factor. Risk factors include family history, race, elevated IOP, optic disk appearance and thin CCT. Patients with optic nerve abnormalities that are consistent with glaucoma but do not have visual field irregularities with white-on-white visual field tests or irregularities found only on short-wavelength automated perimetry were classified as having mild glaucoma. Moderate glaucoma patients were found to have optic nerve irregularities consistent with glaucoma as well as glaucomatous visual field irregularities in only 1 hemifield. Patients in the severe glaucoma category have all of the glaucomatous characteristics as moderate glaucoma patients, but visual field irregularities in both hemifields and/or loss within 5 degrees of fixation in at least 1 hemifield. 17 
Ch
Hysteresis was measured by using the Reichert ORA. This device has previously been explained in detail. 6 An air puff is used to create concavity in the cornea as well as an optical sensor that measures the concavity of the cornea. Timed together, the rising and falling pressures that cause the cornea to cave in and out are derived. The difference between the pressures is called hysteresis.
statistical analysis
Data was recorded and analyzed using Microsoft Excel. Paired t-tests were used to find the statistical significance of the correlation between CH, IOPgat and the number of medications. The chi-squared test was used to find the statistical significance between patients in their respective glaucoma category and whether they had CH,10 or CH$10.
ethics approval
The University of South Dakota Institutional Review Board did not require us to obtain patient consent as this study was done in a retrospective manner. We obtained a waiver and de-identified patients before data analysis occurred. 
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Results
There were 126 eyes used in the study. The demographics of the patients are shown in Table 1 .
Eyes in the moderate and severe glaucoma category were 2.9 times more likely to have a CH,10 compared to eyes that measured a CH$10. This was statistically significant (P,0.01). Eight eyes with moderate/severe glaucoma had CH$10. Thirty-four eyes with moderate/severe glaucoma had a CH,10. Eyes in the suspect and mild category were more likely to have CH$10, but it was not statistically significant (P.0.05). Forty-three eyes with mild glaucoma/ glaucoma suspect had a CH$10. Forty-one eyes with mild glaucoma/glaucoma suspect had a CH,10.
Eyes in the CH,10 moderate/severe glaucoma group had a mean IOPgat of 20.47 mmHg (±7.56). When compared to the mean IOPgat of 17.54 mmHg (±7.56) in the CH,10 suspect/mild glaucoma group, there was statistical significance. Eyes in the CH,10 moderate/severe glaucoma group had statistically significant higher IOPgat (P,0.01) compared to the CH,10 glaucoma suspect/mild glaucoma group.
Discussion
CH has been of interest in glaucoma for many years. Recently, several studies have reported that CH can be helpful for predicting the development of glaucoma and its progression. 6, 13, 18, 19 Studies that included healthy subjects [20] [21] [22] found that mean values for CH fall in the range of 10.1-10.9 mmHg. A study of 15 healthy subjects who underwent a 24-hour assessment of IOP, CCT, and CH found that both IOP and CCT showed 24-hour variability. In contrast, CH was found to be stable throughout the 24-hour period, with no significant variation at all. 23 The optic nerve head, specifically the lamina cribrosa, is the main site of injury in glaucoma. 24, 25 The mechanism of glaucomatous damage to the optic nerve head has been thought of as mechanical vs vascular for a long time, but only recently has consideration been given to thinking of the optic nerve head as a biomechanical structure. With this thought process, the impact of IOP-related stresses on the optic nerve head tissue and its blood supply at all levels of IOP are considered. 26 This means that the biomechanical response of the optic nerve head tissue, as well as what occurs mechanically and blood flow related secondary to the response, will determine the optic nerve head's susceptibility to IOP-related damage.
There are some key clinical studies that have supported the role of CH measurement and its role in glaucoma care. Congdon et al identified CH as a risk factor for glaucoma and its progression. 13 They provided a retrospective report of 230 glaucoma patients and suspects that showed associations between patient age, lack of treatment, and CH and glaucoma progression. Park et al looked at CH and its role in normal-tension glaucoma. 27 They divided the study patients into a group with a CH.10.1 mmHg, and a group with a CH,10.1 mmHg. This was similar to the way we divided our patient groups in regards to CH. Park et al 27 found that the risk of progression was 67% in the eyes with a CH,10.1 and only 35% in eyes with a CH.10.1. They concluded that CH can be utilized independently of IOP and CCT as a prognostic factor for glaucoma progression in normal-tension glaucoma. In our study, eyes that were classified as having a CH,10 were 3.85 times more likely to have moderate to severe glaucoma than glaucoma suspects, or have mild glaucoma. Eyes that had a CH$10, although not statistically significant, trended towards being a glaucoma suspect or mild 
1812
schweitzer et al glaucoma rather than having moderate or severe glaucoma. Our study assessed the level of glaucoma present in the patient, which does differ from the Park et al study, 27 which assessed progression. Progression and level of glaucoma present are equally important in management and treatment.
Anand et al studied asymmetric primary open-angle glaucoma in a prospective manner. 28 They evaluated Goldmann IOP, CCT, number of glaucoma medications, and CH. The only factor that differed between eyes was CH, and the difference was statistically significant. The study concluded that CH can help in identifying the inferior eye in asymmetric primary open-angle glaucoma. De Moraes et al evaluated the rate of visual field progression in relation to CH. 18 The study included 152 eyes and found that eyes progressed faster with lower mean CCT (525 vs 542) and lower CH (7.5 vs 9.0). The study concluded that glaucomatous eyes with low CH and low CCT not only are at risk for progression, but will progress at a faster rate.
Debate exists on how to use CH in a clinical setting and whether it is a truly independent risk factor for glaucoma susceptibility. Clinical cross-sectional studies have shown that it is negatively associated with IOP and positively associated with CCT. 8, 29 This means a low CH reading could be viewed as a substitute measure for either high IOP or thin CCT, two factors that are already known to be associated with glaucomatous progression. CH has also been found to decrease with age, 30, 31 with increasing age being a risk factor for glaucoma. The question then arises as to whether CH is truly an independent risk factor for glaucoma, or simply a substitute measure for other factors. We are not claiming it is an independent risk factor in this study but believe it can play a role in assessing risk level of glaucoma present. This can aid in how aggressive treatment decisions need to be and can assist in management decisions in glaucoma patients.
